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Introduction {#sec001}
============

Due to the persistently increasing trend in construction of tall buildings and using lightweight aggregates as well as high strength materials, the tall building structures are susceptible to greater vibrations and deflections under wind loads and seismic excitations \[[@pone.0224436.ref001]\]. With increasing height of the structure, it becomes more sensitive to wind loads and earthquake loadings. In order to control the structures from these vibrations, different dampers and isolators have been proposed by researchers. These include base isolator, tuned mass damper (TMD) and tuned liquid column damper (TLCD)\[[@pone.0224436.ref002]--[@pone.0224436.ref004]\]. Among these is the TLCD which was initially proposed by Sakai in 1989 \[[@pone.0224436.ref005]\].

TLCD has a wide range of applications, and has been designed especially for tall buildings and towers \[[@pone.0224436.ref005],[@pone.0224436.ref006]\]. TLCD is a passive damper, which includes a U-shaped tubular component having a liquid inside it. It has an orifice which dissipates the energy from the structure during vibration. Many studies have been carried out earlier to optimize and improve the performance of TLCD. Different techniques were used to improve the damping of TLCD by using high viscous liquid, variable orifice and changing the shape of water container \[[@pone.0224436.ref007]--[@pone.0224436.ref009]\]. At first, the optimization of TLCD was done by obtaining optimum tuning ratio and optimum damping ratio, for structures subjected to wind and earthquake loadings \[[@pone.0224436.ref007]\]. Later, more viscous liquids have also been studied to improve the damping effect of TLD in low rise reinforced concrete frame buildings \[[@pone.0224436.ref008]\]. Different shapes of TLCD, such as U-shaped cross-sections, V-shaped cross sections, and spherical cross-section areas, have also been studied \[[@pone.0224436.ref010]\]. V-shaped TLCD has been proven to be more effective than U-shaped TLCD in suppressing strong wind vibrations \[[@pone.0224436.ref009]\]. TLCD has also been tested for the control performance against lateral and harmonic vibrations \[[@pone.0224436.ref011],[@pone.0224436.ref012]\]. The circular shaped TLCD has shown better effectiveness against torsional vibrations than the conventional TLCD \[[@pone.0224436.ref013]\]. Water used in the TLCD can be further utilized for other purposes like water supply and firefighting \[[@pone.0224436.ref009]\]. The concept of multiple tuned liquid column dampers (MTLCD) has also been introduced in previous studies \[[@pone.0224436.ref014]\]. The effect of MTLCD has been studied on high rise building and bridges. Design parameters, such as tuning ratio and damping ratio have been derived against seismic loading \[[@pone.0224436.ref014]\]. MTLCD has been more efficient than single TLCD in reducing the structural responses against vibration \[[@pone.0224436.ref015],[@pone.0224436.ref016]\]. Semi-active TLCD has also been designed for improved vibrations control. Semi-active TLCD showed the best features of both passive and active TLCD \[[@pone.0224436.ref017],[@pone.0224436.ref018]\], thus it is economical to design semi-active rather than an active damper.

For performance enhancement, different semi-active algorithms based on fuzzy control strategy have been developed and compared with those for passive TLCD. Magneto-rheological (MR) liquid in semi-active TLCD has been more effective than conventional TLCD in the vibration control of tall buildings \[[@pone.0224436.ref019],[@pone.0224436.ref020]\]. The performance of TLCD has been also enhanced by providing imprints to the walls of the TLCD that increased the damping effect of the conventional TLCD \[[@pone.0224436.ref021]\]. A compliant TLD has been designed which also enhanced the performance of conventional TLD for controlling seismic vibrations of short period structure \[[@pone.0224436.ref022]\]. MR elastomers have also been utilized in the smart base isolation system in the building structures \[[@pone.0224436.ref023],[@pone.0224436.ref024]\]. Optimization of semi-active TLCD for non-linear multi-degree of freedom (MDOF) systems by statistical linearization method has further improved the effectiveness in tall buildings \[[@pone.0224436.ref025]\]. Several studies have been conducted on TLCD for base isolated structures, that can be referred as a hybrid system \[[@pone.0224436.ref026],[@pone.0224436.ref027]\]. Optimal design for base-isolated structure TLCD has been proposed for seismic loadings, which significantly reduced the overall vibration of the structure significantly \[[@pone.0224436.ref028]\]. The effect of near and far field earthquakes were also studied on different base isolation techniques. The dynamic response of the base isolated structure depends on the source of excitation \[[@pone.0224436.ref029]\].

Recently, some studies have been carried out by replacing the orifice of TLCD by moving steel ball in the horizontal portion of TLCD, which was subsequently called tuned liquid column ball damper (TLCBD) \[[@pone.0224436.ref030],[@pone.0224436.ref031]\]. The performance of TLCBD has been largely dependent on the tuning ratio and ball to tube diameter ratio \[[@pone.0224436.ref031]\]. The damping in the TLCBD has been considered to be linear which has been proven by the free vibration test \[[@pone.0224436.ref030]\]. The function of the ball has been the same as moving orifice (i.e. to reduce the water displacement in TLCBD) \[[@pone.0224436.ref030]\]. For performance improvement of TLCBD, the ball was attached to the spring inside the horizontal portion of TLCBD \[[@pone.0224436.ref032]\]. Ball in the circular TLCD as a moving orifice has been also used to control torsionally coupled vibrations \[[@pone.0224436.ref033]\].

TLCBD has been previously designed and tested for single degree of freedom SDOF structure only \[[@pone.0224436.ref030],[@pone.0224436.ref031]\]. In this particular study, TLCBD has been designed and tested for the multi degrees of freedom MDOF structure which has never been studied previously. The subsequent effect of TLCBD on the response of each storey of the structure was determined. For the performance comparison, the response of TLCBD is compared with the response of the TLCD and uncontrolled primary structure. For time history analysis, controlled structures having TLCBD, TLCD and uncontrolled structure have been subjected to base excitation which included some historical earthquake data and the harmonic vibrations. The acceleration response of each storey against each loading has been calculated and analyzed. The peak and RMS acceleration of controlled and uncontrolled structure have also been compared. The detailed experimental testing has been also performed by using a shake table in the laboratory.

Analytical model {#sec002}
================

System description {#sec003}
------------------

The description of MDOF system having TLCBD on the top storey under different seismic loading and harmonic excitations is shown in [Fig 1](#pone.0224436.g001){ref-type="fig"}. Building model is made up of steel frame and has 4 storeys (each of 15 inches height). The length of the beam for each storey is 12 inch. The width of the beam and column for each story is 4 inch. The building model has been adopted from Inamdar et.al \[[@pone.0224436.ref034]\]. The other parameters including mass, stiffness and damping of the primary structure are listed in [Table 1](#pone.0224436.t001){ref-type="table"}

![Schematic of a multi-storey structure model equipped with TLCBD.](pone.0224436.g001){#pone.0224436.g001}

10.1371/journal.pone.0224436.t001

###### Primary structure parameters.

![](pone.0224436.t001){#pone.0224436.t001g}

  Storey level   Mass (Kg)   Stiffness (N/m)   Damping (Nsec/m)   Modes         Natural Frequency (rad/sec)
  -------------- ----------- ----------------- ------------------ ------------- -----------------------------
  1              2.2         1505.10           1.720              First Mode    9.08
  2              2.2         1505.10           1.720              Second Mode   26.15
  3              2.2         1505.10           1.720              Third Mode    40.07
  4              2.2         1505.10           1.720              Fourth Mode   49.15

As the TLCD or TLCBD is designed for the specified fundamental mode of vibration \[[@pone.0224436.ref030]\], in this study TLCBD is designed for the first fundamental mode of vibration. TLCBD is a U-shaped tube which is filled with liquid. A spherical ball is placed in the horizontal portion of the tube acting like moving orifice that moves in the horizontal portion of the tube during vibration in the liquid. The function of this ball has to reduce the motion of the liquid in TLCBD \[[@pone.0224436.ref030],[@pone.0224436.ref031]\]. TLCBD is 2 DOF system having 1 DOF each for liquid and ball. The equation of motion for the ball is derived by using Lagrange derivations \[[@pone.0224436.ref030]\] which can be expressed as: $$\left. \left( \mathbf{m}_{\mathbf{b}} + \frac{\mathbf{J}_{\mathbf{b}}}{\mathbf{R}_{\mathbf{b}}^{2}} \right)\overset{¨}{\mathbf{x}_{\mathbf{b}}} + \mathbf{d}_{\mathbf{e}\mathbf{q}}\overset{˙}{\mathbf{x}_{\mathbf{b}}} = \left( \frac{\mathbf{J}_{\mathbf{b}}}{\mathbf{R}_{\mathbf{b}}^{2}} \right)\overset{¨}{\left( \mathbf{x} \right._{\mathbf{s}}} + {\overset{¨}{\mathbf{x}}}_{\mathbf{g}} \right) + \mathbf{d}_{\mathbf{e}\mathbf{q}}{\overset{˙}{\mathbf{x}}}_{\mathbf{l}} + \left( \frac{2\mathbf{m}_{\mathbf{l}}\mathbf{g}\mathbf{R}_{\mathbf{b}\mathbf{t}}^{2}}{\mathbf{L}_{\mathbf{t}}} \right)\mathbf{x}_{\mathbf{l}}$$

In the above equation *m*~*b*~ is a mass of the ball, *d*~*eq*~ is the equivalent damping coefficient of the ball in the liquid, *m*~*l*~ is the liquid mass, *J*~*b*~ is the mass moment of inertia about its center of mass, *R*~*b*~ is the radius of ball, *R*~*bt*~ is the ball-to-tube diameter ratio, *g* is the gravitational acceleration and *L*~*t*~ is the total length of the tube which is equal to (*L*~*t*~ = *L*~*h*~+2*L*~*v*~), where *L*~*h*~ is the horizontal length and *L*~*v*~ is the vertical length of the tube. Also $$\mathbf{J}_{\mathbf{b}} = \frac{2\mathbf{m}_{\mathbf{b}}\mathbf{R}_{\mathbf{b}}^{2}}{5}$$ $$\mathbf{d}_{\mathbf{e}\mathbf{q}} = 6\mathbf{\pi}\mathbf{\nu}\mathbf{R}_{\mathbf{b}}$$

In Eq ([3](#pone.0224436.e003){ref-type="disp-formula"}), ν is the kinematic viscosity of the liquid used in the tube.

The equation of motion for liquid was also derived by Lagrange derivation \[[@pone.0224436.ref030]\] and can be expressed as: $$\mathbf{m}_{\mathbf{l}}\overset{¨}{\mathbf{x}_{\mathbf{l}}} + \left( {2\mathbf{m}_{\mathbf{l}}\mathbf{\xi}_{\mathbf{l}}\mathbf{\omega}_{\mathbf{d}}} \right)\overset{˙}{\mathbf{x}_{\mathbf{l}}} + \left( \frac{2\mathbf{m}_{\mathbf{l}}\mathbf{g}}{\mathbf{L}_{\mathbf{t}}} \right)\mathbf{x}_{\mathbf{l}} = - \mathbf{\rho}\mathbf{m}_{\mathbf{l}}\left( {\overset{¨}{\mathbf{x}_{\mathbf{s}}} + \overset{¨}{\mathbf{x}_{\mathbf{g}}}} \right)$$

In Eq ([4](#pone.0224436.e004){ref-type="disp-formula"}) *ω*~*d*~ is the frequency of the liquid in the tube, *ξ*~*l*~ is head loss coefficient of the liquid in the tube,. This value depends on the ball-to-tube diameter ratio *R*~*bt*~ and was calculated against different *R*~*bt*~ ratios \[[@pone.0224436.ref030]\]. ρ is the length ratio parameter and is equal to length of the horizontal length *L*~*h*~ to total length *L*~*t*~ of the tube. (*ρ* = *L*~*h*~/*L*~*t*~).

The equation of motion for MDOF system equipped with TLCBD {#sec004}
----------------------------------------------------------

Some previous studies were done on TLCBD which was equipped with an SDOF system \[[@pone.0224436.ref030],[@pone.0224436.ref031]\]. In this research, TLCBD has been designed for MDOF structure. The coupled equation of motions of structure equipped with TLCBD is given as Eq ([5](#pone.0224436.e005){ref-type="disp-formula"}): $$\left( \mathbf{m}_{4} + \mathbf{m}_{\mathbf{l}} + \frac{\mathbf{J}_{\mathbf{b}}}{\mathbf{R}_{\mathbf{b}}^{2}} \right)\overset{¨}{\mathbf{x}_{4}} + \mathbf{c}_{4}\overset{˙}{\mathbf{x}_{4}} + \mathbf{k}_{4}\mathbf{x}_{4} = - \left( \mathbf{m}_{4} + \mathbf{m}_{\mathbf{l}} + \frac{\mathbf{J}_{\mathbf{b}}}{\mathbf{R}_{\mathbf{b}}^{2}} \right)\overset{¨}{\mathbf{x}_{\mathbf{g}}} - \mathbf{\rho}\mathbf{m}_{\mathbf{l}}\overset{¨}{\mathbf{x}_{\mathbf{l}}} + \left( \frac{\mathbf{J}_{\mathbf{b}}}{\mathbf{R}_{\mathbf{b}}^{2}} \right)\overset{¨}{\mathbf{x}_{\mathbf{b}}}$$

The equations of motion can be presented in the form matrices for MDOF-TLCBD combined system. The matrices of the mass, stiffness and damping of the combined system are given in Eqs ([6](#pone.0224436.e006){ref-type="disp-formula"}) through ([8](#pone.0224436.e012){ref-type="disp-formula"}).

![](pone.0224436.e006.jpg){#pone.0224436.e006g}
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In Eq ([6](#pone.0224436.e006){ref-type="disp-formula"}), 'M' is the mass matrix of the controlled structure. m~1~, m~2~ and m~3~ are mass of each storey 1, 2 and 3 respectively. M~4~ is the mass of 4^th^ storey combined with TLCBD and equal to $m_{4} + m_{l} + \frac{J_{b}}{R_{b}^{2}},\ m_{bb} = \frac{J_{b}}{R_{b}^{2}}$ and $M_{b} = m_{b} + \frac{J_{b}}{R_{b}^{2}}$ which is the total mass of the ball.
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In Eq ([7](#pone.0224436.e009){ref-type="disp-formula"}) 'K' is the stiffness matrix of the controlled structure. *k*~1~, *k*~2~, *k*~3~ and *k*~4~ are the stiffness of each storey 1, 2, 3 and 4 respectively. $k_{L} = \frac{2m_{l}g}{L_{t}}$ is the stiffness of the liquid and $K_{L} = \frac{2m_{l}gR_{bt}^{2}}{L_{t}}$ is the stiffness of the liquid in ball equation.
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In Eq ([8](#pone.0224436.e012){ref-type="disp-formula"}) 'C' is the stiffness matrix of the controlled structure. *c*~1~, *c*~2~, *c*~3~ and *c*~4~ are the damping of each storey 1, 2, 3 and 4 respectively. *c*~*L*~ = 2*m*~*l*~*ξ*~*l*~*ω*~*d*~ is the damping of the liquid in TLCBD and *d*~*eq*~ is the equivalent damping coefficient of the ball.

The above MDOF-TLCBD has 6 DOF having 1 DOF for each storey and 2 DOF for TLCBD. It can be expressed in generalized matrix form as [Eq 9](#pone.0224436.e013){ref-type="disp-formula"}: $$\left\lbrack \mathbf{M} \right\rbrack_{6*6}\left\{ \overset{¨}{\mathbf{x}} \right\} + \left\lbrack \mathbf{C} \right\rbrack_{6*6}\left\{ \overset{˙}{\mathbf{x}} \right\} + \left\lbrack \mathbf{K} \right\rbrack_{6*6}\left\{ \mathbf{x} \right\} = {- \left\lbrack \mathbf{M} \right\rbrack}_{6*6}\left\{ \mathbf{z} \right\}\overset{¨}{\mathbf{x}_{\mathbf{g}}}$$

In Eq ([9](#pone.0224436.e013){ref-type="disp-formula"}), \[*M*\], \[*C*\] and \[*K*\] are mass, damping and stiffness matrix respectively having order 6\*6. $\left\{ \overset{¨}{x} \right\}$, $\left\{ \overset{˙}{x} \right\},$ {*x*} are acceleration, velocity and displacement vectors. The displacement vector can be expressed as {*x*} = {*x*~1~,*x*~2~,*x*~3~,*x*~4~,*x*~*l*~,*x*~*b*~}^*T*^. Same can be expressed for acceleration and velocity. {*z*} is the influence coefficient vector and can be define as {*z*} = {1,1,1,1,0,0}.

Design of TLCBD model {#sec005}
---------------------

Based on the aforementioned equations, the analytical model of the TLCBD has been designed. For the design optimization, the performance of the both TLCD and TLCBD has been analyzed using different mass ratios ranges from 2% to 5%. Mass ratio can be defined as the ratio between mass of the damper to the mass of the primary structure. Different excitation frequency ratios ranges from 0.5 to 1.2 have been applied for performance evaluation. Excitation frequency ratio can be defined as the ratio between external excitation frequencies to the natural frequency of the structure. The length ratio *ρ* and tuning ratio for both TLCBD and TLCD have been adopted from the literature as 0.7 and 0.97 respectively \[[@pone.0224436.ref030],[@pone.0224436.ref031]\]. The ball-to-tube diameter ratio *R*~*bt*~ for TLCBD was optimized as 0.8 \[[@pone.0224436.ref030]\]. The natural frequency of the structure model is 9.08 rad/sec (1.45 Hz). [Fig 2](#pone.0224436.g002){ref-type="fig"} shows the response comparison of TLCD and TLCBD. At excitation frequency ratio ranges from 0.5 to 0.7, no significant difference has been observed in the response of TLCD and TLCBD. TLCBD reduced the response of the building significantly as the excitation frequency ratio increases from 0.7 to 0.9, which is close to resonance region. In SDOF system, the structure response is almost similar for both TLCD and TLCBD for frequency ratios in the range of 0.7 to 0.9 \[[@pone.0224436.ref030]\]. However, in the case of MDOF system, the performance of the TLCBD has been observed to be better than TLCD. The performance of the TLCBD was much better for the frequency ratios near 1, which may be called the resonance region. At resonance region, when the excitation frequency is equal to natural frequency of structure the response of structure becomes maximum \[[@pone.0224436.ref035]\]. The performance of the TLCBD also depends on the mass ratio. From [Fig 2](#pone.0224436.g002){ref-type="fig"} it can be clearly seen that in all mass ratios, the TLCBD response has been better than TLCD. Increasing the mass ratio will improve the performance of the controlled structure. However increasing the mass ratio will increase the mass of the TLCBD or other absorber causing high cost. Therefore, it should be better to choose the practical mass ratio depending on the weight of the primary structure and application of the absorber.

![Variation of displacement of structure with various excitation frequency ratios and mass ratios.](pone.0224436.g002){#pone.0224436.g002}

Based on the analytical model results, the parameters of the TLCBD and TLCD model are listed in the [Table 2](#pone.0224436.t002){ref-type="table"}, which are subsequently used for developing the experimental model. For comparison purpose, all parameters of the TLCBD and TLCD have been kept the same.

10.1371/journal.pone.0224436.t002

###### Design parameters of TLCBD and TLCD model.

![](pone.0224436.t002){#pone.0224436.t002g}

  Parameters                                TLCBD                                  TLCD
  ----------------------------------------- -------------------------------------- --------------------------------------
  Mass ratio                                5%                                     5%
  Tuning ratio                              0.97                                   0.97
  Length ratio (*ρ*)                        0.7                                    0.7
  Density of liquid (Kg/m^3^)               1000                                   1000
  Density of ball (Kg/m^3^)                 7500                                   
  Ball-to-tube diameter ratio (*R*~*bt*~)   0.8                                    
  Kinematic viscosity (Nm/sec)              0.001                                  
  External frequency ratio                  0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2   0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2

Following steps have been recommended by Al Saif et.al and Gur.et al \[[@pone.0224436.ref030],[@pone.0224436.ref031]\] to design the SDOF-TLCBD. The same procedure has been adopted for the design of TLCBD for the MDOF structure.

1.  The fundamental natural frequency of the primary structure has been obtained analytically using MATLAB. By taking the tuning ratio 0.97 the frequency of TLCBD has been obtained.

2.  The mass of the liquid has been calculated by selecting the mass ratio of 5%.

3.  The length of the TLCBD has been obtained from the frequency of the TLCBD using the relation (wd^2^ = 2g/L~t~).

4.  By using a length ratio of usually 0.7, a length of vertical and horizontal columns has been obtained.

5.  From the obtained mass of the liquid, the volume of the TLCBD and diameter of the tube has been calculated.

6.  From the diameter of the tube, the ball diameter has been obtained by using the ball to tube diameter ratio in the range of 0.7 to 0.8.

Experimental validation {#sec006}
=======================

To validate the analytical model, the experimental model of both TLCD and TLCBD has been fabricated in the laboratory. Different harmonic and earthquake excitations have been applied to study the dynamic behavior of structure equipped with TLCD and TLCBD using shake table.

Experimental setup {#sec007}
------------------

Experimental setup included a steel frame, TLCBD, TLCD and shake table, as shown in [Fig 3](#pone.0224436.g003){ref-type="fig"}. Primary structure has been fabricated of stainless steel and consists of 4 storeys. Each storey has the same height and mass. The steel frame was fixed on a base plate having length 14 inches. Holes were drilled on the base plate to fix the base plate on the top stage of the shake table. Both TLCD and TLCBD have been tuned according to the first natural frequency of the model, and have been have been placed on the 4^th^ storey of the structure. Normal water has been used in the U-shaped TLCBD, while the steel ball was placed in the middle of the horizontal section of the TLCBD ([Fig 3B](#pone.0224436.g003){ref-type="fig"}).

![(a) TLCBD model; (b) Spherical steel ball; (c) QuaRC software window; (d) All experimental setup.](pone.0224436.g003){#pone.0224436.g003}

Shake table used for the experiments is unidirectional, and operated by a powerful brushless motor. The maximum payload of the table is 15 kilogram which can achieve a maximum acceleration of 2.5g. The mass of the total shaking table system is 27.2 kilogram. Dimensions of the top stage are 0.46 x 0.46 m^2^ and the bottom stage is 0.61 x 0.46 m^2^. The shake table was operated by using QuaRC software, as shown in [Fig 3C](#pone.0224436.g003){ref-type="fig"}. Accelerometers X2-02 have been used for recording the acceleration data during excitations. The accelerometers were attached on the base of each storey using double tape as shown in [Fig 3A](#pone.0224436.g003){ref-type="fig"}. The data was saved in the accelerometers in the form of a CSV file. The pre-processing of the accelerometers was done before starting the experiments \[[@pone.0224436.ref036]\]. The entire system consisted of a universal power module (UPM), accelerometers attached to each storey of the structure, a PC running the control software, and shaking table as shown in [Fig 3D](#pone.0224436.g003){ref-type="fig"}.

For response analysis, MDOF-TLCBD and TLCD structure have been subjected to different types of loadings. Harmonic loading having frequency 0.5 Hz, 1 Hz and 1.5 Hz respectively along with sine sweep wave having 0.15 cm amplitude. The earthquake loading was also applied by shake table. These included earthquake loadings of Northridge and Kobe. Time history analysis was also done for primary structure, TLCBD and TLCD structure.

Experimental results and discussions {#sec008}
------------------------------------

### Description of results {#sec009}

For response analysis, the acceleration responses of the MDOF-TLCBD model were recorded against different loading conditions. [Table 3](#pone.0224436.t003){ref-type="table"} shows the comparison of the response of the TLCBD, TLCD and uncontrolled structure against different excitations. The peak and root mean square (RMS) values of acceleration against each excitation at every storey level were calculated. The peak accelerations show the maximum acceleration response value of structure against different excitation. The RMS values indicate the vibration energy of the structure against respective loading. Regarding vibration reduction, the results indicated that TLCBD reduced the response of the structure better than TLCD. This signifies that TLCBD is more effective in the dissipating the vibration energy and providing adequate damping to the structure.

10.1371/journal.pone.0224436.t003

###### Peak and RMS acceleration (g) value of TLCD, TLCBD and uncontrolled structure.

![](pone.0224436.t003){#pone.0224436.t003g}

  ---------------------------------------------------------------------------------------------------------------------------------
  Story level   Cases   0.5 Hz   1 Hz    1.5 Hz   Sine Sweep   Northridge   Kobe                                            
  ------------- ------- -------- ------- -------- ------------ ------------ ------- ------- ------- ------- ------- ------- -------
  1             UC      0.391    0.103   0.388    0.098        0.514        0.102   0.523   0.093   0.494   0.085   0.288   0.067

  TLCD          0.321   0.085    0.303   0.077    0.427        0.085        0.450   0.083   0.385   0.067   0.242   0.056   

  TLCBD         0.290   0.078    0.275   0.069    0.395        0.082        0.425   0.080   0.362   0.061   0.296   0.053   

  \             UC      0.573    0.123   0.478    0.120        0.746        0.190   0.559   0.122   0.583   0.130   0.624   0.097
  2                                                                                                                         

  TLCD          0.458   0.099    0.407   0.102    0.597        0.152        0.475   0.104   0.379   0.084   0.499   0.078   

  TLCBD         0.364   0.100    0.490   0.100    0.486        0.124        0.330   0.097   0.325   0.058   0.462   0.072   

  \             UC      0.552    0.121   0.390    0.103        0.549        0.142   0.583   0.122   0.672   0.157   0.588   0.104
  3                                                                                                                         

  TLCD          0.430   0.094    0.320   0.085    0.489        0.127        0.437   0.094   0.430   0.101   0.441   0.079   

  TLCBD         0.323   0.084    0.305   0.077    0.550        0.122        0.378   0.081   0.448   0.060   0.529   0.072   

  \             UC      0.858    0.198   0.660    0.163        0.930        0.243   0.773   0.182   1.036   0.214   0.871   0.148
  4                                                                                                                         

  TLCD          0.626   0.145    0.449   0.111    0.661        0.176        0.495   0.118   0.622   0.128   0.592   0.100   

  TLCBD         0.538   0.113    0.332   0.080    0.512        0.134        0.341   0.090   0.429   0.070   0.520   0.085   
  ---------------------------------------------------------------------------------------------------------------------------------

The RMS and peak acceleration response of TLCBD controlled structure is better than corresponding response of uncontrolled and TLCD controlled structure. However, in some cases, the peak acceleration of the TLCBD controlled structure was found higher than TLCD controlled structure. The response of the controlled structure in reducing vibrations is different under each loading parameter. In all excitations, the 4^th^ storey of the uncontrolled structure showed maximum response against each loading. With the increase in frequency of excitation, the wave amplitude also increases and consequently phenomenon of response reduction of the TLCD or TLCBD also improved \[[@pone.0224436.ref008]\]. TLCBD was placed on the 4^th^ storey of building model, which reduced the response of the top storey. As discussed, the analytical model of TLCBD reduced the response of the building model better than TLCD in all applied excitation frequencies. The result of experimental model also proves the better performance of the TLCBD over TLCD.

For a better understanding of results, percentage reduction of RMS acceleration with average has been calculated for each storey ([Table 4](#pone.0224436.t004){ref-type="table"}). Similar trend has been observed for both TLCD and TLCBD in each storey against all loadings. However, it could be seen that the response of TLCBD was much better than TLCD. TLCBD performed better because some of the input energy provided to the primary structure is dissipated by the ball in the form of angular and kinetic energies. Moreover, some part of the input energy is also dissipated due to friction between ball and liquid in the TLCBD \[[@pone.0224436.ref030]\], which was included in the Eq ([1](#pone.0224436.e001){ref-type="disp-formula"}) of the ball in form of ′*d*~*eq*~′. Thus in the TLCBD, we have two dynamic absorbers in term of liquid and ball added to the primary structure \[[@pone.0224436.ref030]\]. However in, TLCD only liquid dissipates the energy from the primary structure.

10.1371/journal.pone.0224436.t004

###### Percentage reduction of RMS acceleration (g).

![](pone.0224436.t004){#pone.0224436.t004g}

  No. of story   Cases   0.5 Hz   1 Hz    1.5 Hz   Sine Sweep   Northridge   Kobe    Average
  -------------- ------- -------- ------- -------- ------------ ------------ ------- ---------
  1              TLCBD   24.30    29.56   19.65    13.92        28.71        20.54   22.78
  TLCD           18.01   21.81    16.91   10.71    21.76        15.59        17.50   
  2              TLCBD   19.04    16.64   34.84    20.77        55.01        25.75   28.68
  TLCD           19.77   14.55    19.98   14.45    34.98        19.44        20.50   
  3              TLCBD   30.68    25.94   13.96    33.69        61.88        31.06   32.87
  TLCD           21.89   18.10    10.79   23.14    35.63        24.52        22.30   
  4              TLCBD   42.89    51.04   44.69    50.33        67.26        42.58   49.80
  TLCD           26.78   32.00    27.35   35.44    39.86        31.93        32.20   

Under seismic excitations, TLCBD showed better performance and high vibration reduction especially in the case of Northridge earthquake response as compare to Kobe earthquake response. As shown in [Table 4](#pone.0224436.t004){ref-type="table"}, the maximum response reduction of 67.26% has been observed in Northridge at 4^th^ storey among all loadings. In sine sweep, Northridge and Kobe excitations, the response reduction increases from 1^st^ to top storey level. This trend was not followed in harmonic loading as the frequency of each storey was changed. Under harmonic loading, maximum percentage reduction has been observed for 1 Hz at the 4^th^ storey and 1^st^ storey. At 2^nd^ storey, TLCBD showed better performance for 1.5 Hz frequency, while at the 3^rd^ storey, the maximum reduction was observed for 0.5 Hz frequency case. Regarding response reduction of RMS acceleration similar trend was observed. The response reduction in case of the TLCBD has been better than TLCD case except at 2^nd^ storey against 0.5Hz. Average percentage reduction of RMS acceleration of each storey has been also calculated. The maximum average percentage reduction has been reported as 49.80% at the top storey of the primary structure. The average reduction has been also increased from 1^st^ storey to top storey of the primary structure.

[Fig 4](#pone.0224436.g004){ref-type="fig"} shows the comparison of the RMS acceleration percentage reduction between numerical and experimental results of top storey. The comparison has been made of TLCBD controlled structure against each loading including harmonic and earthquake excitations. The overall differences of response reduction are within the reasonable range between experimental results and numerical study. In addition both numerical and experimental results showed significant response reduction of controlled structure having TLCBD on top storey.

![Comparison of experimental and numerical RMS acceleration percentage reduction.](pone.0224436.g004){#pone.0224436.g004}

Storey level response comparison {#sec010}
--------------------------------

[Fig 5](#pone.0224436.g005){ref-type="fig"} shows the comparison of TLCBD, TLCD and uncontrolled RMS acceleration of each storey level. As shown in each loading, TLCBD controls the vibration of structure better than TLCD, against each loading. At 1^st^ storey, the difference in the response between TLCD and TLCBD was observed less than the response of other storeys. It was also observed that the response of 2^nd^ storey was greater than that for 3^rd^ storey (for both controlled and uncontrolled structure in each loading except the Northridge earthquake). This trend was primarily seen due to low column stiffness of the proposed structural model. The minimum uncontrolled response of the model was observed in the Kobe earthquake on the top storey, whereas the maximum uncontrolled response was observed in 1.5Hz loading on the top storey, as this loading frequency lies in the resonance region. In all loadings, maximum response reduction was observed on the top storey, as the uncontrolled structure showed a maximum response on a top storey level. Further, TLCBD showed better performance in vibration control in Northridge earthquake among all loadings, because as the excitation frequency increased the water motion increased in liquid damper, thereby making the damper become more effective in vibration reduction \[[@pone.0224436.ref008]\].

![RMS acceleration responses comparison of TLCBD, TLCD and Uncontrolled structure: (a) 0.5Hz; (b) 1Hz; (c) 1.5Hz; (d) Sine sweep; (e) Northridge; and (f) Kobe.](pone.0224436.g005){#pone.0224436.g005}

### Time history analysis {#sec011}

The comparison has been made between time histories of TLCD, TLCBD and uncontrolled structure. [Fig 6](#pone.0224436.g006){ref-type="fig"} showed the Northridge, Kobe and Sine sweep acceleration time histories of the top storey. It has been observed that the response was reduced considerably in the case of TLCBD structure as compared to TLCD. In the time history of the Northridge earthquake ([Fig 6B](#pone.0224436.g006){ref-type="fig"}), TLCBD clearly showed reduced response and peaks of the primary structure. On the other hand, in the Kobe earthquake ([Fig 6C](#pone.0224436.g006){ref-type="fig"}) the response reduction is considerably less than the Northridge earthquake. The peaks were reduced but not significantly as were seen for the case of Northridge. This phenomenon is common in TLCD as well due to the sudden abrupt change in the amplitude and frequency of the Kobe earthquake. In sine sweep wave, the amplitude remained constant and frequency gets increasing after some interval of time. Regarding response reduction in sine sweep case ([Fig 6A](#pone.0224436.g006){ref-type="fig"}), the TLCBD controlled structure showed the reduced response and peaks in high-frequency range of sine sweep wave significantly as compared to the low-frequency range of the sine sweep wave.

![Time histories response comparison of TLCBD, TLCD and Uncontrolled structure: (a) Sine sweep; (b) Northridge; (c) Kobe.](pone.0224436.g006){#pone.0224436.g006}

[Fig 7](#pone.0224436.g007){ref-type="fig"} shows the time histories of the top storey acceleration of the harmonic loading case. Under harmonic loading, the maximum response reduction was observed for the 1.5 Hz ([Fig 7C](#pone.0224436.g007){ref-type="fig"}) significantly. As seen in the time histories of 1Hz ([Fig 7B](#pone.0224436.g007){ref-type="fig"}) and 1.5 Hz case ([Fig 7C](#pone.0224436.g007){ref-type="fig"}), the response of the TLCBD remains constant during the period of excitation. On the contrary, in 0.5 Hz the peaks were observed after some time interval throughout the excitation period. As discussed in [Table 3](#pone.0224436.t003){ref-type="table"} and [Table 4](#pone.0224436.t004){ref-type="table"}, it is also clearly seen in time histories analysis of all loadings that TLCBD reduces the response of the primary structure significantly as compared to TLCD

![Time histories response comparison of TLCBD, TLCD and Uncontrolled structure: (a) 0.5Hz; (b) 1Hz; (c) 1.5Hz.](pone.0224436.g007){#pone.0224436.g007}

Conclusions {#sec012}
===========

The present study has focused on the performance of the TLCBD controlled four storey building structure. Analytical models for both TLCD and TLCBD have been presented. Steel ball and normal water have been used in the development of TLCBD. Detailed experimental investigation has been done using shaking table tests. The performance of TLCBD has also been compared with TLCD using the same design parameters for both models. From the analytical and experimental investigation, it was shown that TLCBD was effective in reducing the response and vibration of each storey significantly. It has been observed that response reduction was much more prominent in RMS acceleration response of each storey against different loadings as compared to peak accelerations responses. The response of the controlled structure varied from 1^st^ to top storey, and showed better performance regarding vibration reduction on the top storey of the primary structure. TLCBD performance also exhibited dependence on the loading conditions. Under seismic excitations, the maximum RMS response reduction was observed at the 4^th^ storey for Northridge earthquake case that was 67.26% while under harmonic loading; the maximum reduction was 51.04%. Under the sine sweep loading, the maximum response reduction was 50.33% at the top storey of the structure. The performance of the TLCBD or TLCD is dependent on the magnitude of the excitation frequency that may reduce in the strong excitation or wind loading. Therefore, in the Kobe earthquake case, the response reduction was less compared to the Northridge earthquake case for both TLCBD and TLCD controlled structures. Hence TLCBD showed better performance under seismic excitation having low amplitudes and also significantly reduced the response under the harmonic loading. The similar trend has been observed in the response of the TLCD controlled structure under both seismic excitation and harmonic excitation as in TLCBD. It has been concluded from the comparison of overall response between TLCD and TLCBD that TLCBD reduced the response of each storey significantly and more than TLCD.
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